Introduction
Low-alloy carbon steel, such as the 4330 investigated herein, is commonly utilized for its high strength and ability to enhance an array of properties, depending on the microstructure, which can be controlled by the cooling rate of the often hot-forged part. Slow furnace cooling or the use of insulation, as opposed to air cooling, decreases the likelihood of stress-induced cracking, whereas intercritical and double-hardening heat treatment can result in improved toughness [1, 2] . Regardless of the measures taken to ensure appropriate material properties, the application of the component in operation poses several critical issues. For instance, during the hydraulic fracturing process, the pump bodies, which are typically made from carbon steel, are subjected to cyclic loading conditions alongside exposure to corrosive media and are therefore prone to various environmentally assisted degradation mechanisms, such as corrosion and erosion. These mechanisms can greatly reduce fatigue life, as, for example, 4140 heat-treated steel is shown to experience accelerated fatigue fracture by a factor of 3-4 in a corrosive environment [3] . Although components may be subjected to cyclic loading at stress levels below the yield strength, crack initiation and propagation can occur at applied stresses much lower than the yield point due to stress concentration that is caused by stress raisers and features in the component's design or residual stresses that remain in the part from the manufacturing process. The evaluation of material fatigue performance is crucial for structural integrity because 90 % of service failures in metals can be attributed to fatigue-based failures [4] .
Weld overlay cladding can be achieved using hot-wire Gas Tungsten Arc Welding (GTAW) by depositing a layer of the clad material onto a substrate and creating a bond between the two materials. Manufacturing the entire component using a material with improved corrosion resistance is unlikely to provide an advantageous solution that is economically feasible. Applying a weld clad material with superior properties on a less resistant substrate is an alternative, economically viable approach to improving mechanical performance and corrosion and erosion resistance, providing an all-encompassing solution for the performance of components operating in such environments. Welding of structures is a common practice, wherein the welding process typically results in the generation of tensile residual stress that can have negative effects on the performance and structural integrity of the structure by providing sufficient driving force for crack initiation and propagation [5] . The presence of compressive residual stress can improve stress-corrosion cracking resistance and corrosion performance [6] , as well as increase fatigue strength [7] . Shortening the crack initiation stage is a danger of the welding process, along with modification of the material properties of the substrate.
Residual stresses, present in parts in the absence of external applied loads or constraints, arise from misfits between different regions, such as heterogeneous plastic deformations, different crystallographic structures and thermal expansion coefficients [8] . The magnitude and distribution of these self-equilibrating elastic stresses require knowledge of the key process variables, such as heat treatment [9] , mechanical work [10] , heterogeneous plastic deformation [11, 12] , or welding [13] , that the component experiences during its manufacture. Thermal expansion constraints and nonuniform heating and cooling all induce residual stresses of different scales; thus, processes like forging, quenching, welding, and brazing cause dissimilarity in the material [14] . Likewise, chemical reactions, volume changes, and phase transformations either generate residual stress or influence the existing residual stress field [15] [16] [17] . Residual stresses can be categorized as macro-and microresidual stresses; macrostresses being those with wavelengths comparable to the size of the component, while microstresses are in the region of grain and atomic scales [7] . Both macro-and microstresses may be present in a component; additionally, the former is classified as Type I, and the latter can be divided into Types II (i.e., at grain level) and III (i.e., at atomic level) residual stresses.
In weld cladding, residual stress will arise because of mechanical, thermal, and chemical mechanisms with the accompanying microstructures and, in turn, the nature of the residual stress is dependent on the degree of material dissimilarity [18] . It is common for welding and similar thermal processes to induce a complex residual stress field with potentially sharp stress gradients [19] [20] [21] . Thermally induced residual stress is generated by nonuniform heating and cooling operations during welding, which results in constraint on thermal expansion and contraction. At a microscopic level, a mismatch between coefficients of thermal expansion and coherency of the crystallographic structures of the neighboring phases will contribute to the development of thermally induced residual stress [22] . A global "shrink-fit" effect occurs between the clad and substrate materials, influenced by the material and temperature dissimilarity [23, 24] . Chemically generated residual stresses can develop because of volume changes associated with chemical reactions, phase transformation and microstructural evolution, such as precipitation hardening [22] . Often, such factors are observed through their influence on material properties and, ultimately, the resulting nature of the residual stresses [14, 25] . Lastly, the spatial and temporal variation of the clad deposition process and subsequent cooling rate of the component also contributes to the residual stress state [26] . Variation in the temperature of clad and substrate materials affects cooling rates and, in turn, constraint levels in the component. Material properties vary with temperature and time; therefore, the thermal transient process that arises is heavily dependent on the differing expansion and contraction rates. During cooling, yield strength and Young's modulus develop with values differing in neighboring regions, hence the resulting variation in thermal stress [27] [28] [29] .
Improvement in fatigue life is often investigated by examining the residual stress state and the benefit of methods that alter the residual stress state. However, many investigations into the welding or cladding of superalloy IN625 focus on microstructural evolution, material properties, and often corrosion resistance [18, [30] [31] [32] [33] [34] [35] [36] [37] . This is of particular interest in the region where operational stresses are highest, commonly at the surface of a component or structure. Upon superimposing residual and operational stresses, ideally the entire stress cycle would remain in the compressive range. However, any level of compressive residual stress would be beneficial in lowering the combined stress level. An in-depth understanding of the effects of the welding process on the residual stress state, material properties, and fatigue performance of the component is required and is what forms the basis of this research.
In this study, a low-alloy 4330 carbon steel weld clad with a IN625 nickel-based superalloy has been investigated to deduce the magnitude and distribution of the residual stress induced by the cladding process. This includes surface, near-surface, and bulk residual stress throughout the clad layer to the base material, which were measured using different techniques. These techniques include X-ray Diffraction (XRD), hole drilling based on electronic speckle pattern interferometry (ESPI), deep-hole drilling (DHD), and the contour method (CM). A variety of residual stress measurement techniques are well presented by Kandil et al. [7] , who highlighted practical, material, and physical considerations as well as the advantages and disadvantages of the techniques. These methods are complementary and therefore a measurement program such as that presented herein must gain an accurate understanding of the residual stress distribution throughout a component. Comparisons have been made between the results of XRD and ESPI for surface residual stresses and DHD and CM for through-thickness residual stresses.
Experimental Procedure

MATERIAL AND PROCESSING
The material chosen for this investigation was a low-alloy 4330 carbon steel in the form of a hollow cylinder. A schematic representation of the specimen, dimension labels, and measurement locations are shown in Fig. 1 , and measured values are presented in Table 1 . Weld overlay cladding of the cylinder was achieved using hot-wire GTAW to deposit a layer of IN625 onto the outer diameter of the hollow steel cylinder. The outer diameter was selected for deposition of the clad layer as it was deemed that the nature of residual stresses would be similar on both the inner and outer diameters because the cylinder thickness was greater than the clad layer thickness. This thereby facilitated simpler deposition of the clad material and allowed for residual stress measurements using a variety of techniques; both aspects would have experiencing increased complexity and limitations had the clad layer been deposited on the bore. The weld cladding process created a bond between the base and the cladding material, with a periodicity of one bead per 3. oriented within 161.46 ± 6.56°of the specimen's radial direction (see Fig. 1b) . A two-pass deposition process was utilized, resulting in a total clad layer thickness of 6 mm. The nominal chemical composition of substrate and clad materials are summarized in Table 2 . A single cylinder was utilized for all residual stress measurements that will be presented in the following section. Measurement locations were selected in consideration of the accuracy of measurements; for example, the surface utilized for deep-hole drilling was an intact surface as opposed to the location at which a hole had been drilled for a hole drilling measurement.
RESIDUAL STRESS MEASUREMENT
XRD
Surface residual stress measurements were obtained using XRD, in which a PROTO-LXRD diffractometer (Proto, New Britain, CT) and the sin 2 ψ method [38] were utilized. Stresses were calculated from the strains of the {311} Bragg reflection, assuming elastic Young's modulus of E = 168 GPa, according to the experimental measurement of this property in the clad layer, and Poisson's ratio of v = 0.29. A Mn K-α target tube with a wavelength of 2.1031 Å was utilized. Measurements were obtained at psi offset angles of 0°, ±4.36°, ±13.6°, ±18.69°, ±24.48°, and ±30°, with a ±3°oscillation at each angle and an angle of ±13.6°between the beam and each detector. Measurements were undertaken using a 2-mm round collimator, as highlighted in Fig. 2 , in two perpendicular directions: axial, along the length of the cylinder (φ = 0°) and hoop, tangential to the surface of the cylinder (φ = 90°). Two extra measurements were also performed at φ = 60°and φ = −23°to represent the directions parallel and perpendicular, respectively, to a striation (i.e., weld ripple pockets) in the weld bead. These angles are schematically illustrated in Fig. 2b .
It should be noted that because of the irregularity of the weld clad deposition, care was exercised to ensure the most appropriate definition of the directions that were parallel and perpendicular to the striation; thus, these values depend on measurement location and cannot merely be considered as mathematically perpendicular, i.e., at 90°, to one another. Consideration of the beam diameter ensured that all measurements were obtained solely across one weld bead; however, curvature of the weld bead was unavoidable, as illustrated in Fig. 2c . Measurements were obtained in each case along a path consisting of 20 adjacent weld bead peaks from the reference face of the specimen. The assigned point numbers reflect the weld bead peak, which are numbered from the reference edge.
Hole Drilling Based on ESPI A Stresstech Prism system (Stresstech Oy, Jyväskylä, Finland) was used to measure residual stress using the hole-drilling method based on ESPI [39] . The Prism system consists of a high-speed drill, laser source, and a charge-coupled device (CCD) camera. A coherent laser source illuminates the specimen surface and interferes with a separate laser beam originating from the same source as the reference beam to form a speckle pattern. The low reflectivity of the as-clad surface provided an ideal surface for drilling. Drill diameters determine the depth to which measurements can be obtained, i.e., residual stresses obtained to a depth of 60 % of the hole size. A drill diameter of 1.8 mm was utilized in this case, ensuring that measurements were not obtained across more than one weld bead. The drill was centered on top of the weld bead in the central weld bead at various locations in the region highlighted in Fig. 1b , drilling on the as-clad surface to obtain a quality hole. Residual stresses were calculated from the strains measured by ESPI during incremental drilling, assuming the mechanical properties noted in Table 3 for the clad material (i.e., superallot IN625). DHD DHD measures strain relief through the drilling of a reference hole and an electrodischarge machine (EDM) trepanned core comparing differing diameters due to mechanical relaxation. Converting measured strains and using elastic theory, residual stresses were obtained through the thickness of the component. The trepanning of the hole during measurement caused the release of residual stress in the vicinity of the trepanned region, and the displacement [δ] was described in relation to the original stress through the following equation [40] :
In this equation, E is the Young's modulus and [D] is a matrix relating to the hole edge displacement in a stressed plate; the theory of DHD has been well described in various studies [41] [42] [43] . DHD was performed using a reference hole drilled in the cylinder's radial direction from the clad surface to the bore. The reference hole was located halfway along the cylinder's axis. This enabled the measurement of the axial, circumferential, and axial-circumferential shear components of the residual stress at the reference hole location as a function of through-wall depth. The reference hole had a nominal diameter of 3 mm and, using a coaxial EDM trepan with a diameter of 10 mm, was incrementally relieved of stress.
Measurement of the reference hole was performed at trepanning increments of 2.5 mm up to a depth of 20 mm, and again after trepanning to the full depth of the hole. In each measurement, the reference hole diameter was determined with an air probe at angular increments of 22.5°every 0.2 mm between the clad surface and the pipe bore. Residual stresses were calculated from measured diametral displacements using Eq 1. In this calculation, differing elastic properties were used for the IN625 superalloy cladding material and the 4330 carbon steel cylinder wall material, as given in Table 3 . Results from the incremental trepanning steps indicated that no significant plasticity occurred close to the reference hole during the measurement, so the incremental analysis procedure described by Mahmoudi et al. [42] was not required.
Contour Method
The contour method provides a 2-D map of out-of-plane residual stress in the cut direction using Bueckner's superposition principal to section the component [44] . The first cut in the axial plane, as shown in Fig. 3 , provides the hoop residual stress, and the second cut in the hoop plane provides the axial residual stress.
The contour method was carried out on the clad cylinder to provide a full 2-D map of both hoop and axial residual stress distributions in the sample. For the hoop residual stress, the contour method included the release of bending moments, as described by Prime [45] , which acted as an additional source of hoop residual stress. The measurement of each stress component was carried out in four main steps of sample cut: measurement of cut surface profiles, data processing, and calculation of residual stress using finite element simulation. EDM wire entry and exit from the test specimen can introduce cutting artifacts that affect near-surface measurements. Wire entry refers to the top face of the specimen where the running wire enters the test specimen. Wire exit relates to the bottom face of the specimen where the running wire leaves the test specimen. To mitigate the cutting artifacts from wire entry and exit, sacrificial layers were bonded on the top and bottom faces of the pipe and the bore in the vicinity of the cut plane [46] . The cuts were made by EDM using a 250-μm brass wire in "skim" cut mode. For the hoop stress component, the cut was made in the axial direction on the axial-radial plane (Fig. 3a) covering the entire part, starting from one end to the other. Prior to sectioning, two pilot holes with 3-mm diameters were drilled approximately 5 mm from both ends of the pipe, such that the cut was conducted from the center of a hole on one side to the center of the hole on the other side of the part, aiming to cut the test specimen using an embedded cutting configuration. The advantage of this technique is that it provides self-constraint, which restricts opening of the cut faces and thereby controls the stress concentration and reduces the risk of significant plasticity arising at the cut tip during cutting. Following the completion of the cut, the remaining ligaments were severed to separate both halves of the part.
A single contour cut [47] was used to determine the distribution of hoop stresses on an axial-radial plane, bisecting the clad pipe, that is, simultaneously mapping the hoop stresses on two wall thicknesses that were 180°apart. Moreover, the measured stress field included the effect of hoop bending stresses and their variation along the pipe. This approach has several advantages over the Prime approach [45] : a single cut is required (instead of three cuts), stresses in diametrically opposite sides of the pipe are determined (compared with stresses on a single side), and any variation in hoop bending stress, if present, along the length of the pipe is captured.
For the axial stress component, the contour method residual stress measurement was conducted on one half of the part, as shown in Fig. 3b . Again, sacrificial materials were bonded to the inner and outer diameters to create a uniform cross section. Because the contour method measurement on one half can only provide a partial axial residual stress component, the total axial stress is obtained through the principal of superposition, as expressed in Eq 2:
σ Axial, total = σ Axial, relaxed + σ Axial, remaining (2) where the relaxed axial stress arises because of the first cut undertaken to measure the hoop stress, and the remaining axial stress was due to the second contour cut [48, 49] .
Upon completion of the EDM cuts, the outline and surface topography were measured for each cut on either side of the skim cut in a temperature-controlled environment using a laser hybrid coordinate measuring machine (CMM). The CMM equipment was programmed to acquire data with a spatial resolution of 100 μm for points in both in-plane directions.
The measured data obtained for both surfaces of each skim cut were aligned in the same coordinate system by considering the whole perimeter of each half of the cut as an alignment guide to match the outlines. Following the alignment process, the datasets for both sides were linearly interpolated onto a common grid, after which the two sets were averaged. Noise and outliers in the averaged dataset were then removed before smoothing the data. A knot spacing of 1 mm 2 was selected for the calculation of hoop and axial stress, and a bivariate cubic spline for each knot spacing was fitted to the averaged data. A 3-D finite element model assuming isotropic elasticity, with a Young's modulus of 168 and 189.8 GPa and a Poisson's ratio of 0.29 and 0.289 for the clad and substrate materials, respectively, was used to evaluate the residual stress from the surface contour data. For this purpose, the perimeter of the cross section for each sample was modeled using the aligned outline measured by the CMM. The 2-D cross section was then rotated circumferentially by 180°for the hoop stress component and extruded to the length of the cylinder, which was 250 mm, for the axial stress component, producing 3-D models for the calculations of residual stress. Mesh seeds were attributed to each node on the outline and along the revolved and extruded perimeters of the models that are used as guidelines for the generation of mesh. The establishment of the seeds were biased by allocating a finer pitch near the cross section of the model that represents the cut surface and a coarser pitch toward the other end of the model, the latter of which being of less importance for stress analysis. The parts were modeled in Abaqus CAE (Dassault Systèmes, Vélizy-Vilacoublay, France) and meshed with a fine mesh of 0.4 mm in the clad layer and 4 mm toward the inner diameter. For the residual stress model, the stresses were calculated by forcing the cut surface into the opposite shape of the averaged contour data [19, 50, 51] . The depth profiles of the residual stress distribution quantified by hole drilling based on ESPI for different weld beads are provided in Fig. 5 and display the data obtained for both hoop and axial directions. The measured hoop and axial components indicate the presence of compressive residual stress with a maximum of −390 and −511 MPa, respectively, on the surface. These were then reduced to a stress-free state in both directions at a depth of approximately 0.3-0.5 mm in most cases, at which point the nature of stress tended to transform to tensile. Both hoop and axial stress components increased in a tensile manner deeper into the clad layer, to a maximum of +233 MPa and +407 MPa at a depth of 1.2 mm, respectively. Given that the 1.8-mm drill diameter was utilized, residual stress was measured to a depth of 1.2 mm. Offset depths are utilized here, indicating the beginning of a measurement at an effectively zero depth by the removal of material to reveal a complete circle. However, clearly for the means of comparison with other methods, the depth from the clad surface will be used in later comparisons. Fig. 6a illustrates the hoop and axial residual stresses throughout the section, which indicates that the general trend and nature of residual stress are similar for both components. Tensile residual stresses with magnitudes of +212 ± 20 MPa and +243 ± 20 MPa are present on the surface for hoop and axial components, respectively, which reduces to 0 MPa at a depth of 12-15 mm, depending on the direction. Because of the self-equilibrating nature of residual stress, compressive stresses are measured further into the substrate, counterbalancing the tensile stresses on the surface. Fig. 6b presents the results that concentrate on the vicinity of the joint between clad and substrate materials. Beyond a depth of 5 mm, a smoother profile emerges, illustrating the change between clad and substrate materials. At the interface, there is no sharp discontinuity present, as was illustrated in the previous modeling results [52] . Such discontinuity stresses were expected to be exaggerated because of the idealized interface modeled, which did not account for alloying and diffusion due to the weld cladding process [53] . A slight increase in tensile residual stress occurs immediately upon entering the substrate material, prior to a decrease into the compressive region. Small levels of compressive residual stress between 15-20 mm exist on the outer diameter, which indicates that alloying and diffusion successfully smooth potential stress discontinuities that are due to dissimilar materials.
CONTOUR METHOD
Figs. 7 and 8 show the contour plots of the averaged surface height that were obtained by the CMM following the EDM skim cut for both hoop and axial stress measurements, respectively. The contour range of peak to valley exceeds 120 μm for the hoop component and 45 μm for the axial component. The contour plots show that the surface height for both directions is low in the weld region, which implies that tensile residual stresses are relieved.
The contour plot of the out-of-plane hoop residual stress measured on the sectioned surface is shown in Fig. 9 . This plot illustrates a consistent pattern from the clad surface into the substrate to the bore. From the hoop stress map provided in Fig. 9 , it can be seen that tensile residual stresses (i.e., green to red) were largely concentrated within the clad layer and the heat-affected zones (HAZ) in the interference zone between the clad and the substrate. Hoop residual stress profiles are presented in Fig. 10 , and six chosen paths are highlighted in Fig. 9 , emphasizing the clad layer and the substrate interface in Fig. 10b . The region of highest tensile residual stress was identified immediately at the clad surface with a peak stress reaching +677 MPa, as shown in the data for Path 1 in Fig. 10b . Fig. 10a shows a high-tensile residual stress at the clad layer surface followed by a decrease to a notable compressive residual stress. An increase to tensile residual stress remains at a depth of around 15 mm, with compressive residual stresses similar to those measured by DHD, then emerges in the substrate.
Focusing on a region in the vicinity of the join, as shown in Fig. 10b , the data shows compressive residual stress at a depth of 2 mm ranging between −316 and +72 MPa for the various paths. Such variations are thought to be due to the spatial weld cladding process and weld bead peak and trough effects, thus resulting in varying residual stress distributions along the length of the cylinder, as highlighted in Fig. 9 . It should also be noted that the various methods utilized herein have varying degrees of spatial resolution, and the spatial resolution requirements should always be considered during technique selection [7, 54] . In this study, it is highlighted that it was only through the complementary use of XRD, ESPI, DHD, and CM that a detailed residual stress distribution could obtained both in the weld clad layer and throughout the component.
Axial residual stresses superimposed for the relaxed stresses of the first cut and the remaining measured stresses of the second cut produce the stress map shown in Fig. 11 . The plots of the three lines in Fig. 11 indicate (see Fig. 12 ) that the axial stress possesses a much smoother nature than the hoop stress component, with a consistent tensile residual stress in the clad layer continuing into the substrate. Compressive axial stress is measured in the substrate to a similar level as that measured by DHD. 
Discussion
The following section presents a comparison of results that were obtained using all the aforementioned measurement techniques along with a discussion of the considerations related to the obtained residual stress distributions.
COMPARISON OF SURFACE AND NEAR-SURFACE RESIDUAL STRESS
Surface and near-surface residual stresses were measured using the XRD and hole-drilling methods based on ESPI, respectively. The penetration depth of the X-ray used in these measurements was approximately 10 μm in the IN625 superalloy, while the ESPI measurements were obtained incrementally at a depth of 20-50 μm from the surface to a depth that was dependent on the level of material removed to reveal a complete circle. Therefore, these methods are complementary in constructing the residual stress profile in the surface region.
XRD measurements obtained on weld bead peaks did not provide wholly consistent results, as shown in Fig. 4 . This may be due to a slight difference in the positioning of the X-ray beam on the weld bead and variation in the number and morphology of the weld ripple pockets (i.e., striations) covered by the beam. If the beam is not perpendicular to the peak of the weld bead, then stress values may vary significantly [38] . Axial and hoop stress values appear to have been potentially influenced by these factors. Fig. 4b suggests that, toward the edge of the cylinder, hoop stresses are generally tensile, while cylinder compressive stresses are measured further from the edge. However, this does not appear to be the case for axial stresses, as shown in Fig. 4a , which are largely compressive regardless of distance from the reference face. The error is calculated as a best fit to the sin 2 ψ method and hence larger error values may manifest because of striation effects, surface irregularities, large grain sizes, and texture. Error values also differ greatly between point measurements, which is likely due to the curvature [38] of the weld bead if deviation from a perpendicular beam to surface condition occurs. The X-ray beam did not extend across more than one weld bead; however, the beam may deviate from normal to the weld bead, depending on the measurement surface (i.e., the curved bead).
FIG. 12
Axial residual stress profiles (a) throughout the component, and (b) in a region of clad layer and HAZ in the IN625-clad cylinder, measured using CM along the three paths illustrated in Fig. 11 .
Strain values are averaged across the measurement region, thus calculated stress values are also affected. Geometrical variations and surface irregularities could also lead to inaccuracies in stress values [38] . The surface profile and weld bead geometry will vary across the cylinder, potentially affecting stress values. As highlighted in Fig. 4 , the majority of axial and hoop residual stress values, along with average values obtained using XRD on the weld bead peaks, were compressive. Inconsistencies in the measurements obtained using XRD alone prove the difficulty in comparing residual stress measurement methods. However, this is not due to an inaccuracy of the measurement technique but because the technique is identifying varying levels of residual stress due to the weld bead geometry.
ESPI also indicated compressive residual stresses immediately at the clad layer surface (i.e., near-surface residual stress). These compressive residual stresses were similar in magnitude (i.e., within 3 MPa of the axial stress component and 166 MPa in the best-case comparison) to those obtained using XRD. ESPI then showed a transformation into tensile residual stress in both hoop and axial stress components at a depth of 0.3 mm, after which the level of tensile stress increased to +233 and +407 MPa at the furthest depth of measurement obtained. The presence of compressive residual stresses on the surface and near-surface is a characteristic of fast-cooling from elevated temperatures that happens immediately after the weld is embedded. The high heat exchange rate between the hot surface and the environment leads to a differential contraction and expansion between a cold surface and hot interior at the early stages of cooling that can plastically deform the surface [8] . Subsequently, when the entire part has cooled to room temperature, the plastically deformed surface is forced by the bulk interior material to a location and condition that generates compressive residual stress [12] . Because of the self-equilibrating nature of residual stress, an area immediately below the plastically deformed surface develops tensile stress to counterbalance the compressive stress on the surface. This phenomenon has been seen in this study, as shown in Figs. 13b and 14b . The presence of a compressive residual stress is particularly beneficial at the surface of a component where operational stresses are often highest. Upon super-positioning of the residual stresses with cyclic operational stresses, the entire stress cycle would ideally remain in the compressive region and, in turn, crack propagation would tend not to occur [5, 25, 55, 56] . Crack initiation is, however, thought to be uninfluenced by the presence of compressive residual stress [42] or can be enhanced by Type III residual stress [57] . Compressive residual stress can also improve corrosion performance and stress corrosion cracking performance for some materials [30, 57, 58] .
COMPARISON OF THROUGH-THICKNESS RESIDUAL STRESS
The compressive residual stresses obtained directly on the surface using XRD and ESPI are complementary to the data measured by DHD and the CM to reconstruct the full stress profile from the surface through the clad layer and into the bulk material. Both DHD and CM techniques measured tensile residual stress close to the surface, in reasonable proximity to the data obtained by ESPI. The air probe used in the DHD method cannot measure accurately at depths of less than ≈1 mm from the surface, leading to the loss of stress information at the surface and near-surface. This information is measured by the XRDand ESPI-based hole drilling (see Figs. 13 and 14) . The data shows that different measurement techniques can detect variations in residual stress but not to the same resolution despite all considering for the measurement of Type I residual stress. This is the greatest differentiating factor between the surface, near-surface, and through-section measurement techniques. Clearly, the results are also location dependent and, as such, the discrepancies that arise in comparative figures are to be expected given that locations differ. It is further noted that in the CM results, as has been illustrated, the level of residual stress measured at the surface and into the clad layer is dependent on the path through which stresses are plotted. This can be due to slight variations in the residual stress distribution in the axial direction, or perhaps because of the weld cladding process or consequent cooling; although, CM can also struggle to provide details of residual stress close to the edges should cutting artifacts be present [46] .
In comparing DHD and CM results, residual stress deeper in the component can be evaluated. Axial and hoop residual stresses are shown for both methods in Figs. 13 and 14 , respectively. The data plotted for the contour method is the average for both axial and hoop stresses (Figs. 12 and 10 ). Comparing these results illustrates that the stress distributions obtained are comparable in general, with large tensile residual stresses close to the clad layer surface that tend to decrease toward the interface. Compressive residual stresses are observed in the substrate for both measurement techniques and both stress components, prior to a transformation into tensile residual stresses at the cylinder bore. At a depth of 2 mm in the hoop component, there is a discrepancy with stress levels in the CM results, decreasing into the compressive region, highlighted clearly in Fig. 14b . Even though decreasing the knot spacing increased accuracy in such regions, the noise in the measurement increased. Therefore, care must be taken when selecting the parameters for calculation of the residual stress to ensure that sufficient detail is obtained while minimizing data noise [59] . Stress values obtained using DHD are supported by those of ESPI with tensile residual stresses of +274 MPa obtained at a depth of 1.2 mm compared with +233 MPa obtained using ESPI. When the stress level of CM data reached a high tensile residual stress once more, the data for DHD and CM was similar.
Comparing the residual stresses measured on the surface, near-surface, and throughthickness, it is clear there are surface effects due to the geometry of the weld bead that influence the residual stress immediately at the surface that cannot be measured by both DHD and CM. This is because DHD requires surface preparation that results in the elimination of surface and near-surface stress data, while CM results may be subject to cutting artifacts. Furthermore, surface irregularities caused by the weld bead peaks and troughs along with weld pass effects present complexities in evaluating the residual stress with high sensitivity such that these cannot be precisely measured by the laser CMM. This, in turn, increases the uncertainty associated with the finite element simulation and application of the superimposition principle of the contour method. The average peak to trough measurement was 0.35 mm, as noted in Table 1 , and was not considered in the contour method measurement. Thus, the weld surface edge in Fig. 9 appears as a straight line whereas in reality it is a "serrated" edge, as shown in Fig. 1 . Various studies have shown that the weld bead geometry and behavior has a great impact on the resulting residual stress [60] [61] [62] . This may explain the decrease into the compressive region in the hoop stress component measured by CM in the clad layer. Therefore, the compressive residual stresses measured at the weld clad surface and near-surface by XRD and ESPI provide complimentary data to those measured by DHD and CM.
CLADDING-INDUCED RESIDUAL STRESS
During the course of this study, the greatest driver in material and process selection was to obtain a material combination that would generate compressive residual stress through weld cladding, particularly at the surface, the location at which operational stresses are highest.
In this paper, weld cladding of low-alloy 4330 carbon steel has been carried out using nickel-chromium-based superalloy IN625. Corrosion resistance offered by this alloy is advantageous; however, the tensile residual stress present in the clad layer will not aid in increasing resistance to fatigue failure [16, 63] .
The residual stress distribution obtained when weld cladding a low-alloy 4330 carbon steel substrate with 17-4 PH stainless steel has indicated the potential of obtaining compressive residual stress in the clad layer [21] . This indicates that material selection and the consequent interaction between clad and substrate materials is a key factor in the resulting residual stress distribution and, in turn, the effects on fatigue performance.
The mechanisms involved in the weld cladding process, including mechanical, thermal, and chemical mechanisms, give rise to residual stresses due to the joining of dissimilar materials, resulting in a complex residual stress distribution. The "shrink-fit" effect that occurs because of the shrinkage of the cladding relative to the substrate can give rise to varying residual stress levels in the vicinity of the join because of variations in the heating and cooling cycles that occur during welding [7] . This results in varying levels of constraint on thermal expansion and contraction and, on a microscopic level, varying values of thermal properties in constituent phases that can generate varying residual strain fields [8] . This effect can be observed in the locations of maximum tensile and compressive residual stresses (see Tables 4 and 5 , respectively), primarily in the XRD results. It can be seen that the maximum surface residual stresses measured are high in both tensile and compressive cases, particularly in the case of compressive residual stresses. This highlights significant variations in stress levels that can be observed using XRD, whether these are due to the residual stress generation mechanisms or measurement considerations. Joining of the materials can alter the material properties and microstructures through alloying and diffusion, giving rise to variations in residual stress that depend on measurement location in the clad layer or in the vicinity of the join [64] . It should be highlighted that the residual stress present in the original cylinder prior to cladding should not be neglected and that a stress-relief process should ideally be undertaken. Failing this, simulation of the residual stress due to forging, cutting, and machining should be carried out to quantify the stress-state prior to cladding. Maximum tensile hoop and axial residual stresses have been observed in the clad layer for all methods; however, discrepancies arise in the compressive stress component ( Table 5) . Variations due to the spatial and temporal variation in the cladding process could also arise, and therefore the location selected for measurement may not be fully representative of the entire component [26] . Such potential effects on the residual stress state in a component highlight the need for a highly controlled and optimized deposition process and the subsequent cooling to ensure residual stress generation is not only understood but also repeatable.
Although superalloy IN625 is a commonly utilized material in weld cladding, the tensile residual stress generated in the clad layer means that, from this perspective, there is potential for improvement to achieve an all-encompassing solution for a corrosion-and erosion-resistant component with a favorable residual stress state. A tensile residual stress increases the mean stress, which will, in turn, increase the maximum stress level reached during service. In cyclic loading conditions, each cycle will cause an increase in fatigue damage through crack growth [65, 66] . This will continue until the critical crack length results, leading then to crack propagation and component failure. For this reason, the presence of compressive residual stress is desired, such that crack growth will be limited because the crack face tends not to open during cyclic stress conditions.
Conclusions
In this study, detailed analyses of residual stress distributions in a low-alloy 4330 carbon steel cylinder weld clad with nickel-chromium-based superalloy IN625 were obtained. The major observations of this work are as follows:
• The weld cladding of a low-alloy 4330 carbon steel cylinder with nickelchromium-based superalloy IN625 is achieved using a hot-wire GTAW process. A clad layer is deposited on the outer diameter of the cylinder in two passes, resulting in a 6-mm-deep clad layer.
• The residual stresses throughout the component are measured using different techniques, including XRD, hole drilling based on ESPI, deep-hole drilling, and the contour method. These methods are shown to be highly complementary, gaining detailed residual stress distributions as a result of the weld cladding process.
• XRD and ESPI methods indicate compressive residual stresses that are present at the clad layer surface to a depth of around 0.35 mm, as indicated by ESPI. Hole drilling based on ESPI, deep-hole drilling, and the contour method indicate that tensile residual stresses are present further into the clad layer. Deep-hole drilling and the contour method allow distribution throughout the clad layer, at the interface, and throughout the substrate to be measured. It is shown that the balancing of the tensile residual stresses occurs with the presence of compressive residual stresses in the substrate. Both hoop and axial stress components are consistently the same in nature, with similar levels of stress throughout.
• This study highlights the need for a range of residual stress measurement techniques to gain knowledge of the residual stress distribution throughout the component.
• Weld cladding with superalloy IN625 has resulted in the presence of compressive residual stress on the surface and near-surface, counterbalanced by tensile residual stresses at greater depths.
